Low-order harmonics, 3rd and 5th, of IR (1064 nm) laser emission have been produced in laser ablation plasmas of the metals manganese, copper and silver. The harmonics were generated in a process triggered by laser ablation followed by frequency upconversion of a fundamental laser beam that propagates parallel to the target surface.
I INTRODUCTION
Harmonic generation (HG) of intense laser pulses in isotropic media such as gases and vapours serves to create coherent radiation in the short wavelength range of the spectrum down to the extreme ultraviolet (XUV) and X-ray regions. Low-order frequency up conversion using laser pulses of nanosecond (ns) duration have provided table-top vacuum ultraviolet (VUV) coherent light for spectroscopy and molecular photodissociation studies. 1, 2 On the other hand, high-order harmonic generation 3 (HHG)
requires pulses of higher intensities (typically 10 14 -10 15 W/cm 2 ) which can easily be achieved with femtosecond (fs) driving lasers. Although the phenomenon of HG is universal and can be generalized to any material with sufficient non linear response, mostly atomic, 4, 5 or in some cases, molecular 6,7 gas jets have been investigated as nonlinear media. In practical applications of coherent short wavelength HG sources, a high conversion efficiency and thus high photon flux of the harmonic radiation are essential.
Since the beginning of the nineties, ions generated in laser ablation plasmas have been investigated as alternative isotropic media for HHG. [8] [9] [10] [11] [12] The higher ionization potentials of ions as compared with neutral noble gas atoms would result in the extension of the harmonic cutoff towards shorter wavelengths. However, those experiments have shown that ionization-induced defocusing of the fundamental laser beam plays a detrimental effect on the HHG process.
Together with atomic ions and neutrals, laser ablation can easily generate other species, such as aggregates, clusters and nanoparticles, with various nonlinear optical properties and a relative abundance that can in principle be controlled by the right choice of solid target and laser wavelength and pulse duration. Akiyama et al 9 noted that control of limiting factors (self-defocusing and wave phase mismatch between the harmonics and the radiation being converted) leads to efficient HHG in alkali ions generated by laser ablation. In the last few years more research has demonstrated the advantages of using various low-excited and weakly ionized ablation prepared plasmas for HHG. [13] [14] [15] These advantages concern, among others, the substantial increase of the generated highest harmonic order, the emergence of a plateau in the energy distribution of highest-order harmonics, the high HHG yield achieved with several plasma formations, the realization of resonance-induced enhancement of individual harmonics, the efficient harmonic enhancement for cluster containing plasma plumes, etc.
For understanding the impeding and restricting processes of HG in laser generated plasmas and identifying the media that lead to highly efficient up conversion, the analysis of low-order harmonics can be a clearly justified approach, since, for lowest orders, one can clearly define the processes which hamper further enhancement of conversion efficiency. Examples of this approach are recent investigations of low-order harmonic generation in ablation plumes of dielectric and semiconductor solid targets using Q-switched Nd:YAG lasers with pulses of ns duration. 16, 17 In this work we have investigated in two time domains, embracing the ns and picosecond (ps) scales low-order HG in ablation plasmas of the metals manganese (Z= 25), copper (Z= 29) and silver (Z=47), materials, which have already shown efficient nonlinear up conversion of laser wavelength into the UV and XUV ranges. 15, 18 In the first case, two synchronized ns Q-switched Nd:YAG lasers emitting at 1064 nm were used for triggering the ablation event and as fundamental radiation for the HG process.
In the second case, a ps Nd:YAG laser also operating at 1064 nm served both for ablation and as a source of fundamental radiation for frequency up conversion. Account will be given of the distinct spatial and temporal distribution of the harmonic signals across the plasmas, and of the differences observed between ns and ps regimes. The interest of this work relies on the capability of low-order HG to monitor in situ the composition and dynamics of ablation plasma plumes and to define optimal schemes and plasmas, based in the widely used Nd:YAG lasers, for further development of coherent sources in the VUV near and below 200 nm range, a region where frequency doubling in non-linear crystals is extremely restricted.
II EXPERIMENTAL
Two setups were employed, corresponding to experiments in the ns and ps regimes. For HG with ns pulses, 16, 17 ablation plasmas of manganese, copper and silver were generated in vacuum through normal incidence irradiation with a Q- closely follows that of the TH. In all cases, the onset of harmonic signal coincides with the appearance of a luminous plume, except for manganese, where harmonic signals were detected at pulse energies somehow lower than those necessary to observe the plume emission. Harmonic signals expectedly increase with ablation energy since this promotes the ejection of higher amount of material from the target and, thus, the higher local densities of nonlinear emitters (through the expected quadratic dependence with local density 19 ). As observed, maximum harmonic yield resulted at ablation pulse energies that increase with the atomic number of the metal, with values of 5, 10 and 12 mJ for Mn, Cu and Ag respectively. The decrease of the signal at higher pulse energies should be ascribed to the increase of free electron density in the plasma and their detrimental contribution to the phase mismatch. It is observed that when using ns ablation pulses, the Mn plasma can sustain HG in a wider range of ablation energies.
The nonlinear character of the emissions at 355 (TH) and 425.6 nm (2FH) was confirmed by studying the power dependence with respect to the pulse energy of the driving laser beam. It should be noted that the relative intensity of the two spectral features displayed in Figure 3 for a given material does not directly reflect that of the generated harmonics because the spectra were not corrected by the response of the detection system.
However, although no comparison is possible between two different harmonics generated in the plume of the same material, the yield of the same harmonic can be compared among the different materials. In fact, it is interesting to note that, in the range of fundamental beam pulse energies above 150 mJ (corresponding to an intensity of 7.9×10 11 W/cm 2 ), the signal corresponding to the FH in the Mn plume, Figure 3 (a), is higher than the corresponding signal in Cu and Ag plumes. This suggests that in the Mn ablation plume, FH generation could be enhanced, with respect to the other metals studied, by a resonant effect due to the spectral proximity of a high oscillation strength transition.
As harmonic signal measurements displayed in Figure 3 (a-c) were collected for each metal at ablation pulse energies corresponding to maximum up-conversion, i.e. 5, 10
and 12 mJ for Mn, Cu and Ag respectively, it is possible to establish a comparison between the harmonic generation efficiency in the plumes of the three metals studied.
As indicated by the scales of the vertical axes in Figure 3 Table 1, where it is noted that further away from the target, at a distance of 1 mm, the optimum delay is temporally displaced as expected, because the nonlinear emitters ejected from the target take longer to reach the plume region that interacts with the driving laser. It is also interesting to note that the relative strength of the third and fifth harmonics is independent of the time delay, indicating that this ratio is not governed by the instantaneous density of nonlinear plume species. 20 The different optimal delays and the widths of the time delay distributions, as displayed in Figure 4 (a-c) among the three metals illustrate the diverse composition and dynamics of the ablation plume of each material.
As concerns the spatial behaviour of the harmonic signal generated by the ns beam across the plume, Figure 4 (d) includes, as an example, the z-scan measurements performed for copper under the conditions marked with an arrow in Figure 4 (b). The zscan, presents a single maximum, corresponding to focusing the driving laser at the centre of the plasma and this characteristic is found also for Mn and Ag. Table 2 summarizes the obtained z-scans results obtained by fitting the data with Gaussian functions. A broader structure is observed for the TH beam as compared with the FH; this difference is attributable to the sharper driving laser intensity dependence of the FH signal and to the width of the plasma density profile along the propagation direction (about the Rayleigh length of the focused laser estimated in 2 mm). It is also found that the FWHM of the harmonic signals for Mn is larger than those corresponding to the other two metals. This indicates that for this lightest metal, the angular distribution of nonlinear species is spatially broader over the plane perpendicular to the normal to the surface, i.e. they are emitted over an angularly wider distribution than in the case of Cu and Ag.
The dependence of the TH signal generated in the ps domain with the time delay between ablation and probe lasers was also measured for the three studied metals at 0.2 mm from the target. A representative result is shown in Figure 5 (a) for the case of copper. Similar delay dependence is observed for Mn and Ag, and the times of maximum TH signal are listed in Table 1 . It is important to note that, in striking contrast with the ns results (Figures 4(a-c) ), the harmonic signal decays much faster with delay and vanishes after few tens of ns. The measurements of the intensity of the harmonic signals as a function of the distance to the target x give additional information of the spatial dimensions of the laser-created nonlinear media ( Figure 6 ). In Figure 6 (a) the behaviour of the TH generated by ns IR laser is plotted for an ablation-driving delay that corresponds to maximum TH. It is observed that the harmonic signal is no longer visible for distances longer than 3 mm away from the target for all three materials. The results outlined above allow discussing the identity and spatiotemporal distribution of the species contributing to frequency up conversion in the metal ablation plasmas.
The position of the maxima found on the time delay dependence (Table 1, Figure 4) correspond to velocities of around 1.2×10 5 -2.4×10 5 cm/s,. This range of velocities is typical for ejected species under these ns ablation conditions. 17, 21 For ps experiments, the velocity of the nonlinear species derived from the delay dependence plots (Table 1, Figure 5 ) is around 10 6 cm/s.
Assuming a totally statistical ablation process, some insight can be obtained on the nature of nonlinear species contributing to HG in the ns ablation plasma. 17 Under the conditions of thermodynamic equilibrium in the first expansion stages, the same average kinetic energy is expected for all plasma components. Therefore it is possible to estimate the average size of species contributing to HG in the observed time delay range if one considers that the atomic species are responsible for the early HG stage. For Mn, the temporal delay range of efficient HG, Figure 4 (a), would correspond to the emission of species up to (Mn) 400 . For copper and silver, the more restricted range of temporal delays for efficient HG, Figures 4(b,c) , derives in a range of species up to about 60 atoms. For the ps laser ablation plasmas, the narrower delay range, of few tens of ns, for efficient harmonic generation provides an indication of the more homogeneous nature of the plasma species, both in terms of velocity and mass. Also in this case, the highest velocity of the ejected species anticipates a lower degree of interactions within the plume species, leading to lower clustering yield.
According to the above it should be expected that the nonlinear medium responsible for the observed HG, in both ns and ps ranges, is constituted, not only by metal atoms and ions but also by clustering species. 22 Cluster synthesis is often described as being carried out by laser ablation due to the rapid sample temperature increase, which favors plasma gas phase reactions. 17, 23, 24 Condensation of gaseous metal atoms to small clusters can be achieved by adiabatic cooling of the plume expanding in vacuum and reactive collisions within the plasma volume. Higher laser pulse energies lead to a higher density plasma and thus to a higher number of collisions between the ablated atoms, resulting in more efficient condensation and production of larger size clusters.
As regards the most versatile and efficient material for low-order harmonic generation of the fundamental 1064 nm radiation using the investigated ablation plasmas, the results presented here indicate that the ns plume of manganese can sustain HG in a large spatiotemporal plasma region and in a wide range of ablation energies. Earlier studies of HHG in the laser ablation plasma of this medium have demonstrated an extremely high harmonic cutoff with generation of up to the 101 st harmonic. 15 On the other hand, upon ps ablation, the active temporal and spatial regions of the plume are very much restricted with respect to ns ablation confined to few tens of ns after the ablation event and few hundred of micrometers close to the target. In both ns and ps cases, these results give insight on the nature of the nonlinear emitters responsible for HG, although more definitive conclusions will be drawn by studies in progress to characterize the cluster and nanoparticle content of the metal ablation plumes by time-of-flight mass spectrometry and by analysis of the plume material deposited on a substrate placed in the proximity of the target.
25,26

IV CONCLUSIONS
Low-order harmonic generation from laser ablation plasmas of the metals manganese, copper and silver, produced by 1064 nm pulses of duration in the range of ns and ps, have been generated with a driving fundamental beam with pulses of the same duration as those used for ablation. In both cases, it is observed that the temporal delay between ablation and driving laser which results in optimal HG is sensitive to the target properties. This is expected, as density, mechanical and thermal constants will have an influence on the heating of the target and the subsequent plasma expansion and cooling, and therefore on the distribution of masses and velocities of plasma species. The results also show that the duration of the ablating pulse determines to a large extent the temporal and spatial regions of the plume at which efficient low-order harmonic generation can be achieved. It is observed that the ns ablation plume provides a broad spatiotemporal range where efficient low-order HG can be achieved. 
